Circular, Circular-Linear and Branched Herpes Simplex
Virus DNA Molecules from Arginine Deprived Cells (Accepted 14 July I978 ) SUMMARY Analysis of the virus DNA isolated from arginine deprived cells revealed that the majority of DNA molecules are linear, with some molecules having one or more short branches. In addition, circular and circular-linear DNA molecules of genome size and smaller were observed.
Previous studies have shown that incubation of herpes simplex virus (HSV)-infected BSC-I cells in an arginine deficient medium results in an abortive virus cycle (Becker et al. ~967) . Virions are not formed and certain structural virus proteins synthesized in the cytoplasm do not migrate to the nucleus, the site of virus assembly (Olshevsky & Becker, I976) . The synthesis of HSV DNA in arginine deprived cells, however, continues at the same rate and at the same level as in infected cells incubated in complete medium (Becker et al. I967) .
Little is known about the virus DNA synthesized during the abortive cycle resulting from arginine deprivation. Electrophoresis of virus DNA from HSV-infected cells in polyacrylamide gels showed that only mature virion DNA was able to migrate into the gel . No migration into the gel occurred with HSV DNA from arginine-deprived cells (Becker et al. I975 ). The present study was undertaken to determine the structure of herpes virus DNA synthesized in arginine deprived BSC-I cells infected with the HF strain of HSV. The morphology of HSV DNA isolated from BSC-I cells incubated in complete medium has recently been presented in detail (Friedmann et al. I977; Friedmann & Becker, I977) . Circular and circular-linear virus DNA molecules of genome size and smaller, were found in arginine deprived cells in addition to linear DNA molecules, some of which had one or more short branches.
BSC-~ cells were infected with plaque purified HSV type I (HF strain) and incubated in Dulbecco's modified Eagle's medium (Grand Island Biological Co.) without arginine. The monolayers (2 × lO 6 cells/milk bottle) were infected with virus at Io p.f.u./ cell and 25/zCi/ml of 5-methyl-3H-thymidine (sp. act. I6"5 Ci/mol; Nuclear Research Centre, Negev, Israel) was added to label the DNA. At i2 h post-infection the labelled infected cells were rinsed with I × SSC (o.I 5 M-sodium chloride, o'oi5 M-sodium citrate) scraped into I × SSC and treated with 5o0/zg/ml of Pronase (Sigma, St Louis, Missouri; pre-incubated at 37 °C for r h) and o'5 % (w/v) sodium dodecyl sulphate (SDS) overnight at room temperature. Virus and cellular DNA were separated by centrifugation in CsC1 gradients (Shlomai et al. I976 ) . The DNA preparations were spread and examined by electron microscopy as described in detail by Friedmann et al. (I977) .
Most (about 9 ° %) of the HSV DNA molecules from arginine deprived cells examined by electron microscopy, had a linear conformation. The average length of 282 virus DNA molecules measured was 52 + 3/zm (Table I A). The internal organization of linear HSV DNA was determined by reannealing of unit length, denatured single-stranded virus DNA molecules from cells infected in complete medium (unpublished data). Electron microscopy showed that reannealing at a low concentration of DNA gave rise to DNA molecules Short communications Sheldrick & Berthelot (I974) . Linear HSV DNA molecules from arginine deprived cells had the same internal organization. The contour length of the repeat sequences (TRy, IR~, IRs and TRs) was 2-5 #m each. The long (L) component had a contour length of 37/~m and the short (S) component 5"2 #m (Table I A) .
A new class of DNA molecules, not previously reported, consisted of linear molecules with short and long DNA branches as shown in Fig. I (a) and (b) (the arrows indicate branching points). About Io % of the linear DNA molecules were branched. The linear DNA molecules had a contour length of about 52/~m and only a few were longer than genome size. The significance of these molecules is not known but they resemble branched T 4 bacteriophage DNA molecules in the process of recombination (Broker & Lehman, I97~ ; Broker, 1973) .
A few of the linear DNA molecules (1.7 %) had the conformation of replicative intermediates of HSV DNA which have already been described (Friedmann et al. 1977) .
Circular DNA molecules ranging from 1.5 to 45"7 #m (Table I B) were also observed in the virus DNA isolated from arginine deprived cells. Two types of circular virus DNA were noted. The first type consisted of circular molecules with a contour length corresponding to a complete genome (Table I B 
Short communications
have already been observed in infected BSC-I cells incubated in complete medium (Friedmann & Becker, I977) . The second type of circular virus DNA had a contour length smaller than genome size (Table I B, molecules 5 to I2) . Circular-linear virus DNA molecules observed in arginine deprived cells (Table I C) included one molecule (no. I3) which had a circular component of 45/zm and a linear component of 7"6/~m. This molecule had a contour length of a complete genome (52.6 #m) and resembled the circular-linear molecules previously described (Friedmann & Becker, 1977) . It is tempting to speculate that such a form results from intramolecular recombination (Becker, I978) .
A new species of circular-linear HSV DNA which banded at the density of virus DNA and had a contour length shorter than genome size was observed in preparations from arginine deprived cells. These circular-linear molecules had a circular component ranging from 2. 7 to I2.I #m (Table I C, molecules I4 to 22). The linear component varied from 4"4 to 3-2/~m. In some molecules, the contour length of the linear component was shorter than that of the circular component. However, in other molecules the length of the linear component was 3 or 5 times the contour length of the circular component. Such DNA molecules may represent replicative intermediates of circular DNA molecules that are synthesized by the rolling circle mechanism (Gilbert & Dressier, i968 ; Becker et al. I978) .
This study reports on two forms of HSV DNA from arginine deprived cells that have not been seen before, namely, circular and circular-linear DNA molecules smaller than genome size and linear DNA molecules with one or more branches. Such DNA molecules were not seen in infected BSC-I cells incubated in complete medium (Friedmann & Becker, I977) .
Most of the virus DNA molecules isolated from arginine deprived cells were linear, with or without branches. The branches may represent excessive nicking of the virus DNA followed by repair and strand displacement. The presence of branches in the DNA molecules could possibly explain the inability of the virus DNA from infected cells to migrate in polyacrylamide gels during electrophoresis (Ben-Zeev et al. 1974; Becker et al. I975) . However, it is also possible that the branches result from or lead to recombination events as suggested for T 4 bacteriophage DNA by Broker & Lehman (197i) and Broker (1973) . Since HSV DNA in nuclei of arginine deficient cells is not encapsidated and replication of virus DNA continues at the same rate as in untreated infected cells (Becker et al. I967) it may be possible that under conditions of arginine deficiency, strand displacements may be more frequent. It is also possible that recombination events involving the virus DNA may occur (Becker, 1978) .
The circular-linear DNA molecules smaller than genome size in which the linear component was 3 to 5 times the contour length of the circular component are also of special interest. It may be possible that these circular-linear DNA molecules resemble the circular ribosomal genes of Xenopus laevis that were found to replicate by the rolling circle mechanism (Hourcade et al. I973) . However the circular components of the HSV circular-linear DNA molecules range in size from 5"2 to I6 x io 6 daltons and band at a mean density of I'718 g/ml whereas the Xenopus laevis circular ribosomal genes range in size from 8 to 14o x lO G daltons and have a density of I"729 g/ml (Hourcade et al. I973) . The mechanism which leads to the appearance of circular and circular-linear virus DNA molecules needs further study.
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